where i is the current and R the resistance. The value of R was estimated in an auxiliary experiment using potentiostatic electrochemical impedance spectroscopy (PEIS) performed on an SP-200 potentiostat (Bio-Logic, Claix, France).
In the experiments of 
Elemental analysis
The total X-ray reflection fluorescence analysis (TXRF) was performed on a Bruker AXS PICOFOX using cobalt catalyst (CoCat) films dissolved in HCl (30 %). Gallium solution (Fluka TraceCert) of known concentration was added as a standard for quantitative analysis.
Sample preparation and cell for in-situ XAS
CoCat-coated electrodes were prepared in a separate electrochemical setup before start of the insitu XAS measurements. The electrochemical setup for deposition was a three-electrode setup driven by a Micro-Autolab Type III potentiostat (Metrohm Autolab B.V., Utrecht). A 25 x 25 mm² platinum grid served as the counter electrode and the reference was a mercury sulfate electrode (+650 mV vs. NHE; Schott GmbH). CoCat films were deposited on 125 µm thick polyethylene terephthalate (PET) slides coated with indium tin oxide (ITO). An area of 2 cm × 2 cm was exposed to the electrolyte, which contained 0.5 mM Co . The potential was not corrected for the iR drop because (at 1.05 V) the low currents render the influence of the iR drop negligible. The CoCat films were stored for maximally 24 h at room conditions before measurement. We did not detect any differences in the XAS measurements between freshly prepared films and those that we had stored for a several hours.
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The working electrodes were 100 µm thin plates of glassy carbon. Sample cells were constructed by gluing these glassy carbon electrodes to a 2 mm thick PVC sample holder, into which a 13 mm x 13 mm window had been cut. A loop of platinum wire measuring 4.5 cm with diameter 0.3 mm served as counter electrode. These sample cells exhibited a resistance of 10 Ω when filled with 100 mM KP i, buffer, as determined by impedance spectroscopy.
In cyclic voltammetry (CV) control experiments, the current density of the previously cleaned working electrodes was lower than 5 µA·cm -² (at 1.35 V vs. NHE, pH 7), whereas the current density after deposition was approximately 1 mA·cm -² at the same potential. The cobalt catalyst film (CoCat) was deposited at 1.35 V for 10 min in KP i electrolyte with 0.5 mM Co
2+
. The resulting films contained about 50 nmol·cm -² of cobalt (as determined by TXRF analysis). The sample holders were flushed several times with cobalt-free KP i before the electrochemical experiments were initiated in cobalt-free KP i . Quasi steady-state conditions were approximated by waiting for 2 min before the samples were frozen. This duration was sufficiently long to develop a nearly stable steady-state current. At 1.49 V, the current response was still decaying. The duration of two min was chosen as a trade-off between achieving quasi steady-state currents and preventing film dissolution.
After selection of the desired potential at the working electrode, the potential difference between the working and counter electrode was measured. Subsequently, the reference electrode was removed from the setup and a stabilized DC power supply was used to apply the previously determined potential difference as a voltage between working and counter electrode. After two further minutes had passed, liquid nitrogen was used to quickly freeze the sample cell while the potential was applied. This means that the voltage between working and counter electrode was removed only after having frozen the CoCat film. Then the sample cells were stored in liquid nitrogen (for maximally two weeks) before they were measured by X-ray absorption spectroscopy at 20 K.
EXAFS simulations
The spectra were normalized and EXAFS oscillations were extracted as described in ref. 35 . For conversion of the energy axis to a k-vector axis, an E 0 of 7710 eV was used; interpolation yielded equidistant points on a k-vector axis (∆k = 0.075 Å -1 ) All simulations were performed using the inhouse software packages 'SimX' (Dittmer 1999) and 'SimX lite' (written by Dr. Petko Chernev). An amplitude reduction factor S 0 2 of 0.7 and an energy correction shift (∆E 0 ) of +1.5 eV were used in the simulations.
We will briefly describe the 'EXAFS equation'. An EXAFS spectrum χ(k) is given by the sum of the contributions of n 'atomic shells'. A 'shell' is a group of elements with identical atomic number and similar distances from the X-ray absorbing atom, e.g., six oxygen atoms surrounding the absorbing cobalt ion in the CoCat. The EXAFS equation is mathematically defined as follows: For the analysis of the freeze-quench data, the phase functions were calculated using FEFF 8.4.
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Atomic coordinates of the FEFF input files were generated on basis of the model structure shown in ref. 6. Only single scattering paths were employed in the simulations.
For the analysis of the in-situ measurements, the phase functions were obtained by ab-initio simulations using FEFF 9.05. 3, 5 For the simulation at the cobalt K-edge, the coordinates were taken from a CoO 2 layer fragment of the LiCoO 2 structure with 10 cobalt atoms and 32 oxygen atoms, which is shown in ref. 7. Only single scattering paths were employed in the simulations. The simulation results with the new phase functions for cobalt obtained by using FEFF 9.05 did not deviate significantly from those used for simulation obtained by using FEFF 8.4. However, the energy shift of E 0 (relative to the value used for extraction of the experimental EXAFS data) was increased to 3.5 eV (as found by EXAFS simulations of the experimental data).
Estimation of the formal oxidation state using XANES data
In the freeze-quench experiments, a cobalt metal foil was used as an energy reference; its spectrum was measured simultaneously during collection of the fluorescence data on the CoCat sample. Analysis of this references spectrum using a highly standardized protocol involving derivative calculation (first inflection point at 7709 eV) and curve-fitting typically provides an energy calibration with an energy uncertainty below 0.1 eV. We find that the rising part of the pre-edge of cobalt oxides is observable at the same X-ray energy (within 0.1 eV), irrespective of the of the cobalt oxidation state. In the in-situ experiments, precise energy calibration thus could be achieved by aligning the rising part of the pre-edge peaks to the pre-edge rise of ex-situ spectra determined before (data form refs. 25, 40 of the main manuscript).
For the conversion of the (integral) edge position to the formal oxidation state, we used the known oxidation states of the following compounds to obtain a calibration curve: ( The errors of the oxidation state (v) were calculated by Gaussian error progression using the following formula
where Y is the edge position, a is the slope of the calibration curve and b is the energy offset. ∆ denotes the standard error (68 % confidence interval). The error range of the oxidation equivalent was obtained by squaring the standard errors obtained for 0.80 V and 1.49 V and taking the root of the sum (Gaussian error propagation as in Eq. S3). ] is negligibly small at high potentials, we obtain:
Area of gold surface in DEMS experiments
The electrochemical characteristics of the gold surface were measured prior to CoCat deposition (see Fig. S6 ). We estimated the enlargement of the surface area of a porous gold electrode by integration of the oxygen reduction wave. A value of 1.82 mC·cm -² was obtained. The literature value is 0.48 mC·cm² for a gold electrode in the absence of surface enlargement. 9 Therefore, we estimate an enlargement of the surface of the gold electrode by a factor of 3.8.
UV-Vis spectroscopy
In the UV-VIS experiment, electrolyte, ITO working electrode, Pt counter electrode, and a mercury-sulfate reference electrode were positioned inside of an optical UV-Vis cuvette (20 x 20 x 50 mm, dye-laser quartz cuvette, Hellma GmbH, Müllheim). Optical absorption spectra were recorded on a Cary 50 UV-Vis spectrophotometer (Varian GmbH, Waldbronn). The films were equilibrated at the desired potentials for 90 s before recording a spectrum. All spectra were measured with the cobalt-free KP i electrolyte present. (Before measurement, the films for UV-Vis experiments were deposited on an ITO electrode in KP i (0.1 M; pH 7). The concentration of Co II ions was 0.5 mM; a potential of 1.33 V (iR corrected value) was applied for 10 min.)
Calculation of UV-Vis extinction coefficient of the CoCat film
The molar extinction coefficient, ε, of an ionic or molecular species in a solution is defined as:
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where I and I 0 are the light intensities before and after the sample, respectively, d is the optical path length (in cm) and c the molar concentration of the ionic species (in mol/L). The value of log 10 (I/I 0 ) corresponds to the decadic absorbance, which is denoted by A throughout this manuscript. The extinction coefficient is most commonly expressed in non-SI units of L·mol -1 ·cm -1 (e.g., in ref.
10
). Based on Eq. S5, we obtain an equation for the extinction coefficient of a CoCat film deposited on a transparent and planar electrode (for an angle of 90° between electrode surface and incident light beam):
with n Co being the molar density of Co ions per cm using Eq. S6. We note that the value of ε(λ) depends on A and n Co, but does not depend on the film thickness.
Calculation of the catalytic current from UV-Vis absorption changes
The estimation of the catalytic currents (Fig. 8 of the main text) was obtained by calculation of the first derivative of absorption changes detected at 600 nm, yielding dA600/dt. The current densities were obtained using the herein established correlation between the optical absorption, the oxidation state from XAS analysis and the oxidative charges (Fig. 3 of the main text) . The catalytic current density (j cat ) was calculated as: ,
where Q dep is the total charge during cobalt deposition, dA600/dt is the time-derivative of the absorbance at 600 nm (obtained from the data shown in Fig. 4 of the main text), dv/dA is the derivate of the oxidation states, v, calculated from XAS edge positions with respect to the absorbance, A. The value of dv/dA600 was obtained from the data shown in Fig. 3 (of the main text).
Analytical solution of the modified Nernst equation
The classical Nernst equation was extended as discussed in the RESULTS section (of the main article) to describe the relation between the mean cobalt oxidation state (Y i ) and the electric potential of the electrode. Using the symbols introduced in the RESULTS section, combination of Eq. 2 and Eq. 3 and straightforward mathematical rearrangements results in: ,
In the CoCat, we encountered two well-separated redox transitions, namely the Co II→III transition (E m1 of about 1.01 V) and the Co III→IV transition (E m2 of about 1.22 V) spaced by more than 200 mV. Since the spacing between these redox transitions is relatively high, we assume that S8 Eq. S8 can be applied separately to the two individual redox transitions (to a good approximation) and we calculate the relation between the mean cobalt oxidation state and the electrode potential according to:
with Y 1 (V) and Y 2 (V) calculated according to Eq. S8 (for i = 1 and i = 2, respectively). The parameters for the simulations shown in Figs. 2 and 6 (of the main text) can be found in Table S1 . Tables   Table S1 . Parameters used in the simulations of Fig. 2 The XAS measurements of the freezequench data were performed at 20 K, whereas in the in-situ experiments XAS data was collected at room temperature (300 K). The spectra match well, except for a broadening of the principal edge maximum (the 'white line') at lower potentials, presumably due to increased dynamic disorder in the coordination sphere at room temperature. Potentials were not corrected for the iR drop (iR ≤ 30 mV). The left insets magnify the region of the pre-edge, while the right insets magnify the first oscillations of the EXAFS region. OOH. The inset magnifies the pre-edge region. The height and area of the pre-edge feature were found to increase for increasingly positive voltages. This is consistent with cobalt oxidation (explainable by increased p-d mixing of metal orbitals due to shortening of metal-oxygen distances upon oxidation 8, 11 ). The pre-edge height is also sensitive to the degree of symmetry around the metal center; highly asymmetric arrangements of ligands increase the pre-edge intensity. ).
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